Abstract: Protein, DNA, and RNA methyltransferases have an ever-expanding list of novel substrates and catalytic activities. Even within families and between homologs, it is becoming clear the intricacies of methyltransferase specificity and regulation are far more diverse than originally thought. In addition to specific substrates and distinct methylation levels, methyltransferase activity can be altered by complex formation with close homologs. We work with the N-terminal methyltransferase homologs NRMT1 and NRMT2. NRMT1 is a ubiquitously expressed distributive trimethylase. NRMT2 is a monomethylase expressed at low levels in a tissue-specific manner. They are both nuclear methyltransferases with overlapping consensus sequences but have distinct enzymatic activities and tissue expression patterns. Co-expression with NRMT2 increases the trimethylation rate of NRMT1, and here we aim to understand how this occurs. We use analytical ultracentrifugation to show that while NRMT1 primarily exists as a dimer and NRMT2 as a monomer, when co-expressed they form a heterotrimer. We use co-immunoprecipitation and molecular modeling to demonstrate in vivo binding and map areas of interaction. While overexpression of NRMT2 increases the half-life of NRMT1, the converse is not true, indicating that NRMT2 may be increasing NRMT1 activity by stabilizing the enzyme. Accordingly, the catalytic activity of NRMT2 is not needed to increase NRMT1 activity or increase its affinity for less preferred substrates. Monomethylation can also not rescue phenotypes seen with loss of trimethylation. Taken together, these data support a model where NRMT2 expression activates NRMT1 activity, not through priming, but by increasing its stability and substrate affinity.
Introduction
The initial defining feature of methyltransferase enzymes was onto which type of substrate they catalyzed the transfer of methyl groups from S-adenosylmethionine (SAM). DNA methyltransferases have been further characterized into those that place 5 0 methylcytosine de novo or maintain it at hemimethylated CpG sites. 1 Protein methyltransferases have been further characterized by the amino acid they methylate and the level (mono, di, or tri) of methylation they catalyze. 2 Likewise, the RNA methyltransferases have been divided into four superfamilies based on their structure and the Additional Supporting Information may be found in the online version of this article.
nucleotide they methylate. 3 It is becoming clear, however, that in addition to these intrinsic methyltransferase qualities, there is an additional layer of functional regulation in their expression patterns and complex formation. A common theme emerging is complex formation between methyltransferase homologs. In Trypanosoma brucei, the major type I arginine methyltransferase, PRMT1, has a very narrow substrate specificity and weak activity in vitro. 4 However, coexpression with its close paralog PRMT3 increases PRMT1 stability, and subsequently, its activity. 4 PRMT3 is missing key catalytic residues and does not exhibit in vitro enzymatic activity and has been characterized as a prozyme. 4 Activation of a catalytically weak enzyme by an inactive prozyme paralog has also been seen in T. brucei polyamine biosynthesis and described as the prozyme paradigm. 5 On average, the enzyme/prozyme complex typically exceeds the activity of the active enzyme alone by 2000-fold. 5, 6 Similarly, the recently discovered N 6 -methyladenosine (m 6 A) RNA methyltransferase METTL3 forms a heterodimer with its close homolog METTL14. 7 Unlike T. brucei PRMT1 and PRMT3, METTL3 and METTL14 each show weak methyltransferase activity in vitro. 7, 8 However, m 6 A methylase activity is significantly increased upon heterodimer formation, and this binding also promotes reciprocal stability of the homologs. 7, 9 Although these data suggest METTL14 is not strictly an inactive prozyme, it appears its catalytic activity is not required for in vivo activity of the complex. 10 The crystal structure of the heterodimer catalytic domains also indicates the METTL14 catalytic site is relatively occluded and does not bind SAM. 10 The current model is that the primary role of METTL14 is to provide structural support to METTL3 and interact with RNA substrate. 8, 10 The mammalian methyltransferase EZH2 is part of the PRC2 complex that represses transcription by di-and trimethylating histone H3 on lysine 27 (H3K27me2/3).
11 EZH2 has one close homolog, EZH1, which also interacts with members of the PRC2 complex. 12 PRC2-EZH1 can also repress transcription, but EZH1 has weak H3K27me2/3 activity. 12 In contrast to PRC2-EZH2, PRC2-EZH1 represses transcription by binding and compacting nucleosomes. 12 The PRC2-EZH2 and PRC2-EZH1 complexes are thought to be primarily mutually exclusive, but data indicate EZH1 and EZH2 can interact with each other both in vitro and in vivo. 12, 13 It is still functionally unclear why a PRC2 complex that contains EZH2 would also contain EZH1, 13 but as they accomplish the same goal by different mechanisms, there may be certain circumstances when synergistic activity would be beneficial. Unlike T. brucei PRMT1 and PRMT3 and mammalian METTL14 and METTL3, Ezh1 and Ezh2 have very different expression patterns, 12 and the need for complexed EZH1
and EZH2 may be specific to the tissues and developmental times where their expression patterns overlap. We work on the N-terminal methyltransferase homologs NRMT1 (N-terminal RCC1 methyltransferase 1) and NRMT2 (N-terminal RCC1 methyltransferase 2), which following cleavage of the initiating methionine, methylate the α-amine of the first Nterminal residue of their substrates. NRMT1 and NRMT2 are 50% identical and 75% similar and share an N-terminal X-P-K consensus sequence. 14, 15 Although structurally similar, they differ in their catalytic activities. In vitro, NRMT1 exhibits distributive trimethylase activity, and in vivo, complete knockout of NRMT1 via homologous recombination or CRISPR/ Cas9 abolishes N-terminal trimethylation. 14, 16, 17 NRMT2 exhibits monomethylase activity in vitro, 14 but its knockout phenotypes remain to be characterized due to lack of an antibody that successfully detects it endogenously.
There are over 300 predicted NRMT targets 15 and over a dozen verified targets, including RCC1, the tumor suppressor Retinoblastoma protein (Rb), the histone chaperone SET, the centromere proteins CENP-A and CENP-B, Poly(ADP-Ribose) Polymerase 3 (PARP3), Damaged DNA-binding protein 2 (DDB2), and a variety of myosin light chains and ribosomal proteins. [18] [19] [20] [21] [22] For the verified targets, N-terminal methylation seems to predominantly regulate protein-DNA interactions. Loss of N-terminal methylation of RCC1 disrupts its binding to DNA, its localization to chromatin, and its ability to properly establish mitotic spindles. 23 N-terminal trimethylation of CENP-B enhances its binding to α-satellite DNA, 19 and Nterminal trimethylation of CENP-A is also required for its recruitment to the centromere. 24 DDB2 that cannot get N-terminally methylated cannot be as efficiently recruited to UV-induced cyclobutane dimers and these dimers cannot be as effectively repaired.
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NRMT1 and NRMT2 have distinct mRNA expression patterns. NRMT1 is expressed ubiquitously in all tissues, while NRMT2 has much lower, tissue-specific expression, with its highest expression found in the skeletal muscle and the liver.
14 This indicates NRMT1 can function independently without NRMT2. In addition, NRMT1 knockout does not significantly affect monomethylation levels, 16 indicating that even at low levels, NRMT2 can function without NRMT1 present. Taken together these data indicate both NRMT1 and NRMT2 can function independently without the other present. However, it is unknown if N-terminal mono-and trimethylation are functionally redundant, and in vitro co-expression of NRMT2 with NRMT1 is able to increase the trimethylation activity of NRMT1, 14 indicating the two may also work synergistically under certain conditions.
Here we aimed to better understand the interdependence of NRMT1 and NRMT2 and determine if they function in a complex. First, we used analytical ultracentrifugation to show that purified recombinant NRMT1 and NRMT2 interact and determined the stoichiometry of interaction as 2:1 NRMT1 to NRMT2. Next, we used co-immunoprecipitation (co-IP) to show NRMT1 and NRMT2 can be found complexed together in vivo and molecular modeling to map their areas of interaction. We also used cycloheximide experiments to determine that while the halflife of NRMT1 increases in the presence of overexpressed NRMT2, the converse is not true. We used kinetic assays to quantitatively determine the effect of NRMT2 expression on NRMT1 activity and site directed mutagenesis to determine that NRMT2 enzymatic activity is not needed for an increase in NRMT1 trimethylase activity or substrate affinity. Finally, to determine if N-terminal mono-and trimethylation are functionally redundant, we tagged the NRMT substrate SETα with Dendra2 photoswitchable protein and showed its half-life is significantly decreased in NRMT1 CRISPR/Cas9 knockout cells. This decrease in half-life can be rescued by NRMT1 overexpression but not by overexpression of NRMT2. From these data, we conclude that NRMT1 and NRMT2 are most similar to their family members METTL3 and METTL14, which both exhibit methyltransferase activity in vitro but the activity of METTL3 predominates in vivo. Stability and substrate affinity are increased by complex formation and monomethylase priming activity is not required. These data do not rule out an additional unique function of N-terminal monomethylation by NRMT2, but show one of its functions when expressed is to promote N-terminal trimethylation.
Results

NRMT1 and NRMT2 form heterotrimers
Like METTL3 and METTL14, NRMT1 (METTL11A), and NRMT2 (METTL11B) are part of the Methyltransferase like (METTL) family of class I methyltransferases containing seven-beta-strand methyltransferase motifs and Rossman folds for binding SAM. 25, 26 Although the enzymes in the METTL family have a wide range of substrates, including protein, RNA, and small molecules, they are structurally similar. 27 Given that METTL3 and METTL14 must form a heterodimer for optimal m 6 A methylation activity, 7 and NRMT1 has been shown to have increased N-terminal trimethylation activity when co-expressed with NRMT2, 14 we wanted to determine if NRMT1 and NRMT2 also heterodimerize. His-tagged recombinant human NRMT1 and NRMT2 were expressed and purified from E. coli and analyzed individually and combined by analytical ultracentrifugation. Ultrascan 3 analysis identified a pool of NRMT1, that when analyzed alone, sediments as a monomer of approximately 33 kD [ Fig. 1(a) ]. This is slightly larger than the predicted molecular mass of 25 kD for a NRMT1 monomer. The majority of NRMT1, however, sedimented as a 52 kD dimer [ Fig. 1(a) ]. NRMT2 showed an opposite pattern when run alone. There was a pool of NRMT2 that sedimented as a 52.6 kD dimer, but the majority sedimented as a 35.7 kD monomer, which is close to its predicted molecular mass of 32 kD [ Fig. 1(b) ]. When run in combination at equimolar concentrations, monomers of each NRMT1 and NRMT2 were still present, but a new species of 83.8 kD was now visible, representing a heterotrimer formed from a NRMT1 dimer and a NRMT2 monomer [ Fig. 1(c) ]. The pool of NRMT1 dimer was completely depleted, suggesting that if NRMT2 monomer is present the NRMT1 dimer will bind it. In addition, as there was excess monomeric NRMT1 and NRMT2 present and no indication of a NRMT1 and NRMT2 heterodimer, these data also suggest NRMT1 cannot bind NRMT2 unless it is already homodimerized and a pool of NRMT2 monomer can exist independent of the heterotrimer.
NRMT1 and NRMT2 interact in vivo
Now knowing that NRMT1 and NRMT2 can interact in vitro, we wanted to next determine if the homologs also interact in vivo. Full length C-terminally-tagged human NRMT1-FLAG and NRMT2-GFP were coexpressed in human embryonic kidney cells (HEK293) by transient transfection. Twenty-four hours post-transfection, NRMT1-FLAG was immunoprecipitated (IP) out of the cell lysate and western blots were used to determine if NRMT2-GFP coimmunoprecipitated. As expected, full length NRMT1-FLAG was able to co-IP NRMT2-GFP [ Fig. 2  (a) ]. To test if the reciprocal was true, full length human NRMT2-FLAG and human NRMT1-GFP were also co-expressed in HEK293 cells by transient transfection. While NRMT1-GFP did show some nonspecific binding to beads alone, it was enriched in the co-IP lane, indicating full length NRMT2-FLAG is able to co-IP NRMT1-GFP [ Fig. 2(b) ].
As both these co-IPs were done with overexpressed tagged proteins, we next wanted to determine if endogenous NRMT1 and NRMT2 interact. We have previously developed a rabbit antibody against human NRMT1 that successfully works for western blot but not for IP. 22 Although NRMT1 and NRMT2 are 50% identical, the 14 amino acid peptide antigen used to produce the NRMT1 antibody only had three amino acids in common and does not appear to detect NRMT2. 22 As we have yet to find a NRMT2 antibody that consistently works for either western blot or IP from cell lysate, we expressed full length NRMT2-FLAG in HEK cells, immunoprecipitated it with anti-FLAG agarose and assayed for the presence of endogenous NRMT1 by western blot. As a control, we also expressed VRK2-FLAG, which has been shown to interact with endogenous NRMT1. 15 We found that endogenous NRMT1 did co-IP with both VRK2-FLAG and NRMT2-FLAG [ Fig. 2(c) ]. Taken together, these data indicate that NRMT1 and NRMT2 can interact both in vitro and in vivo.
Modeling of NRMT1 and NRMT2 interactions
We next wanted to determine which domains on NRMT1 and NRMT2 are responsible for heterotrimer formation. The crystal structures of NRMT1 and NRMT2 (PDB codes 2EX4 and 5UBB) have been determined to 1.75 and 2 Å, respectively, 28, 29 and as predicted by homology modeling, 14 are almost identical barring the additional N-terminal domain on NRMT2, which was not included in the structure. 29 The core of both enzymes is a seven-stranded β sheet (β1-7) flanked by five α-helices (α1-5). 30 In addition, there are several other structural elements including three N-terminal helices and a pair of β hairpins (β AB ) inserted between β5 and α6.
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To help predict which domains of NRMT1 and NRMT2 interact, we first used PyMOL molecular visualization software to model the NRMT1 dimer. Upper band is a non-specific band detected by NRMT1 antibody.
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Though our analytical ultracentrifugation results suggest NRMT2 is predominantly found as a monomer, it can also be found as a homodimer [ Fig. 1(b) ], and these dimerization interactions could provide insights into how it heterotrimerizes with NRMT1. The NRMT2 crystal structure (PDB code 5UBB) and our PyMOL models of NRMT2 dimerization [ Fig. 3 (d, e)], indicate its homodimerization is facilitated by the unstructured N-termini (minus the 59 amino acid region unique to NRMT2, which is not included in the crystal structure) and the β AB hairpins of each monomer. Our model specifically predicts Gln60, Val61, and Ile62 of the N-terminus interact with Cys229, Ile230, and Leu231 of the β AB hairpin, respectively [ Fig. 3(f ) ]. The extreme N-terminus is not currently predicted to contribute to substrate or SAM binding (Wu, 2015) , but it is hard to predict how the additional 59 amino acid NRMT2 N-terminal Figure 3 . Modeling of NRMT1 and NRMT2 dimers. Space-filling model of (a) NRMT1 and (d) NRMT2 homodimers showing regions of dimerization (green overlap, middle). Ribbon diagrams of (b) NRMT1 and (e) NRMT2 homodimers and detail of regions of interaction between monomers. N-and C-termini of each monomer are labeled. All measurements between residues fall within accepted Van Der Waals distances for interaction. Boxed regions are enlarged below each model. Measured distances between interacting residues from monomers of (c) NRMT1 and (f ) NRMT2. Each interaction is denoted in the enlargement above by the corresponding letter. All interactions were modeled with PyMOL using PDB accessions codes 2EX4 and 5UBB.
tail could affect the overall structure. The β AB hairpins are predicted to contribute to the substratebinding pocket, 30 which indicates binding of NRMT2 to NRMT1 could alter the ability of NRMT2 to bind substrate. We next used PyMOL to model the possible interactions between a NRMT1 dimer and a NRMT2 monomer [ Fig. 4(a) ]. We found that if the previously modeled interactions between NRMT1 monomers are maintained, the NRMT2 monomer primarily interacts within the first 50 amino acids of NRMT1, with a secondary set of interactions between Arg79, Pro83, andTyr104 of NRMT1 and Leu231, Asp232, and Gln60 of NRMT2 [ Fig. 4(a-c) ]. The NRMT2 residues involved are almost identical to those involved in homodimerization [ Fig. 4(c) ]. As predicted, the model suggests that NRMT2 interacts with the NRMT1 dimer as it would with another NRMT2 monomer. As the N-terminus of NRMT1 is not needed for its dimerization, both NRMT1 monomers would theoretically be available for binding to NRMT2. However, NRMT1 dimerization places both N-termini in the same plane, so steric hindrance my preclude binding of more than one NRMT2 monomer to the NRMT1 dimer [ Fig. 4(d) ].
To test these models, we performed co-IPs with N-and C-terminal fragments of NRMT1 and NRMT2 [ Fig. 5(a) ]. To determine if it is primarily the unstructured N-terminal tail of NRMT2 that interacts with full-length NRMT1-FLAG, we made constructs consisting of the first 112 amino acids of NRMT2 (containing important predicted residues) or amino acids 77-223 of NRMT2 (directly succeeding the important predicted residues) fused to GFP. An additional Cterminal fragment of NRMT2 (amino acids 207-283) was attempted but did not express. NRMT1-FLAG and NRMT2 1-112 -GFP or NRMT2 77-223 -GFP were coexpressed in HEK293 cells, and NRMT1-FLAG was immunoprecipitated out using anti-FLAG antibody conjugated to agarose beads. Contrary to the model, the first 112 amino acids of NRMT2 did not strongly interact with NRMT1, though amino acids 77-223 did [ Fig. 5(b,c) ]. The main difference between the coIPs and the models was that the first 112 amino acids in the co-IPs contained the extra 59 amino acid Nterminal tail that was not included in the crystal structure or subsequent model. These data indicate that the presence of the additional N-terminal amino acids of NRMT2 affect its binding to NRMT1.
To determine if it is primarily the first 50 amino acids of NRMT1 that interact with full-length NRMT2-FLAG, we made constructs consisting of the first 59 amino acids, amino acids 52-172, or amino acids 178-223 of NRMT1 fused to GFP [ Fig. 5(a) ]. NRMT2-FLAG and NRMT1 1-59 -GFP, NRMT1 52-172 -GFP, or NRMT1 178-223 -GFP were co-expressed in HEK293 cells, and NRMT2-FLAG was immunoprecipitated out as previously. Supporting the model, the first 59 amino acids of NRMT1 did strongly interact with NRMT2 [ Fig. 5(d) ]. However, amino acids 52-172 also interacted with NRMT2 [ Fig. 5(e) ], as did amino acids 178-223, though to a lesser degree than the first two constructs [ Fig. 5(f ) ]. These data indicate that the first 50 amino acids of NRMT1 are sufficient to promote interaction with NRMT2, though the predicted interactions of Arg79, Pro83, and Tyr104 may also be playing a role.
NRMT2 expression stabilizes NRMT1
As both PRMT1 and METTL3 stability is enhanced by binding to its homolog partner, 4,7,9 we wanted to next determine if the half-life of NRMT1 is enhanced by the expression of NRMT2 or vice versa. To first measure the half-life of endogenous NRMT1 under basal conditions [i.e., low levels of NRMT2 as determined by qRT-PCR (unpublished data)], we treated HCT116 human colorectal carcinoma cells with 100 μg/mL cycloheximide and harvested cell lysates at six time points, up to 12 h after treatment. Western blots of the lysates were probed with our anti-NRMT1 antibody 22 and anti-GAPDH as a loading control. NRMT1 levels were normalized to GAPDH and calculated using Image Lab software. The experimentally calculated half-life for endogenous NRMT1 was approximately 8.8 h [ Fig. 6(a) ]. Due to the lack of an antibody that specifically detects endogenous NRMT2 in cell lysate, we used NRMT2-GFP to determine the half-life of NRMT2 under basal conditions. HCT116 cells were transduced with lentivirus expressing NRMT2-GFP at an MOI of 1. About 48 h post-transduction, successfully transduced cells were selected for by puromycin treatment. This was to ensure all cells in the experiment were expressing a homogenously low level of NRMT2-GFP. Again, cells were treated with 100 μg/ mL cycloheximide and harvested at six time points, up to 12 h after treatment. Western blots of the lysates were probed with anti-GFP and anti-GAPDH and analyzed as above. The experimentally calculated half-life for NRMT2 under basal conditions (i.e., with NRMT1 present) was approximately 5.3 h [ Fig. 6(b) ].
To determine if NRMT2 expression is altered in the absence of NRMT1, we first transduced CRISPR/ Cas9-mediated NRMT1 knockout HCT116 cells 16 with lentivirus expressing NRMT2-GFP at an MOI of 1. After puromycin selection, cells were treated with 100 μg/mL cycloheximide and harvested as previously. The experimentally calculated half-life for NRMT2 in cells lacking NRMT1 expression was approximately 3.3 h [ Fig. 6(c) ]. This was not statistically significant from the half-life of NRMT2-GFP in control cells [ Fig. 6(e) ], indicating the stability of NRMT2 is not dependent on NRMT1 expression. This also highlights the short half-life of NRMT2, and indicates its expression may be tightly regulated and confined to times of specific need.
Next, we aimed to measure if NRMT2 overexpression affects the stability of endogenous NRMT1. As previously, HCT116 cells were transduced with lentivirus expressing NRMT2-GFP at an MOI of 1. They were then treated with 100 μg/mL cycloheximide and harvested as previously. Interestingly, in the presence of overexpressed NRMT2, the half-life of Blots are representative images of three independent experiments. Pixel densitometry was quantified using Bio-Rad Image Lab software, with GAPDH serving as the loading control for each lane. NRMT1 and/or GFP bands were internally normalized to T = 0 lane and set to 1. Half-life was calculated using a one-phase decay non-linear regression and constraining Y 0 to 1 and the plateau to 0 (dashed lines). * denotes P < 0.05 as determined by ordinary one-way ANOVA to compare groups using GraphPad Prism. Fig. 6(e) ]. These data fit with a model of NRMT1 providing basal housekeeping Nterminal methyltransferase activity, and NRMT2 being induced to enhance NRMT1 activity when needed during times of stress or increased substrate burden.
NRMT1 increases
to approximately 14.8 h [Fig. 6(d)]. This is a significant increase in NRMT1 half-life as compared with its half-life of 8.8 h under basal NRMT2 conditions [
Catalytic activity of NRMT2 is not necessary for increased trimethylation by NRMT1
To determine if NRMT2 enhances NRMT1 activity through a priming activity as previously hypothesized, 14 or if it is simply providing enhanced stability, we performed in vitro methylation assays with different combinations of wild type (WT) NRMT1, WT NRMT2, and NRMT2 V224L, a mutant initially identified in human breast cancer that is almost completely devoid of methyltransferase activity. 16 When using as substrate a peptide consisting of the first 15 amino acids of RCC1 (SPKRIAKRRSPPADA), NRMT1 recombinant enzyme alone exhibited a K m of 1.1 μM [ Fig. 7(a) ], WT NRMT2 recombinant enzyme alone exhibited a K m of 55.6 μM [ Fig. 7(b) ], and NRMT2 V224L had no activity [ Fig. 7(c) ]. In combination with WT NRMT2, the K m of NRMT1 decreased to 0.9 μM [ Fig. 7(d)] , and in combination with NRMT2 V224L, the K m of NRMT1 decreased to 0.1 μM [ Fig. 7(e) ], indicating the increased activity of NRMT1 is not dependent on the catalytic activity of NRMT2.
However, only the decrease in K m with NRMT2 V224L was statistically significant from the K m of Comparison of Michaelis-Menton constants for NRMT1 alone, NRMT2 alone, or NRMT1 in combination with NRMT2 or NRMT2 V224L with SPK-RCC1 peptide as substrate. Only the combination of NRMT1 with NRMT2 V224L was significantly different from NRMT1 alone. Calculated constants are the mean of three independent experiments AESEM. *** denotes P < 0.001 as determined by unpaired Student's t-test. Using a less preferred, but still enzymatically favorable substrate SSK-MYL9, (g) increases the K m of NRMT1 to 15.6 μM but shows no enzymatic activity with (h) NRMT2 or (i) NRMT2 V224L. (j) Combining NRMT1 and NRMT2 decreases the K m of NRMT1 to 6.6 μM, and (k) the combination of NRMT1 and NRMT2 V224L further lowers the K m of NRMT1 to 4.4 μM. (l) Comparison of Michaelis-Menton constants for NRMT1 alone, NRMT2 alone, or NRMT1 in combination with NRMT2 or NRMT2 V224L with SSK-MYL9 peptide as substrate. The constants for both the combinations of NRMT1 with NRMT2 and NRMT1 with NRMT2 V224L were significantly different from NRMT1 alone. Calculated constants are the mean of three independent experiments AESEM. * and ** denote P < 0.05 and 0.01, respectively, as determined by unpaired Student's t-test.
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NRMT1 alone [ Fig. 7(f ) ]. As the Ser-Pro-Lys consensus sequence of the RCC1 peptide is a preferred substrate for NRMT1, 15 we wanted to test if we could see a greater decrease in K m with NRMT2 addition when using a less preferred substrate. We have previously seen that the K m of NRMT1 is considerably higher when using the Ser-Ser-Lys consensus sequence of myosin regulatory light chain 9 (MYL9) (unpublished data), so we repeated the experiments above using a peptide of the first 14 amino acids of MYL9 (SSKRAKAKTTKKRP) as substrate. NRMT1 recombinant enzyme alone exhibited a K m of 15.6 μM [ Fig. 7  (g) ]. Neither WT NRMT2 nor NRMT2 V224L had any activity on the MYL9 peptide [ Fig. 7(h,i) ]. In combination with WT NRMT2, the K m of NRMT1 decreased to 6.6 μM [ Fig. 7(j) ], and in combination with NRMT2 V224L, the K m of NRMT1 decreased to 4.4 μM [ Fig. 7(k) ]. Using this Ser-Ser-Lys substrate, both WT NRMT2 and NRMT2 V224L were able to significantly lower the K m of NRMT1 [ Fig. 7(l) ], further verifying the catalytic activity of NRMT2 is not needed and indicating NRMT2 is not increasing NRMT1 activity by serving as a primer but by providing stability and altering substrate affinity.
To understand why NRMT2 V224L was able to significantly decrease the NRMT1 K m with the RCC1 peptide, and not WT NRMT2, we performed molecular modeling of the NRMT2 V224L mutant [Supporting Information Fig. S1(a) ]. It is easy to see how V224L might disrupt NRMT2 catalytic activity, as Val224 is in the substrate binding pocket and is directly adjacent to Asn223, which forms critical hydrogen bonds and electrostatic interactions with substrate. 14, 16 When mutated to Leu, this residue extends much further into the pocket, potentially disrupting nearby interactions with substrate [Supporting Information Fig. S1(b) ]. Interestingly, another residue critical for NRMT2 catalytic activity, Asp232, 14 is also nearby in this pocket, and is one of the predicted secondary sites of interaction with NRMT1 [ Fig. 4 (c) and Supporting Information Fig. S1(c) ]. Though they are not directly adjacent to each other they are connected by a short, unstructured loop, and it is possible to envision how a change in the position of residue 224 could indirectly affect the position of Asp232 [Supporting Information Fig. S1(c) ]. Mutation of Val224 to Leu could impact NRMT2 function via two different mechanisms, first by disrupting substrate binding and subsequent catalytic activity, and second by promoting Asp232 accessibility and subsequent complex formation with NRMT1.
NRMT2 overexpression cannot rescue NRMT1 knockout phenotypes
The above data lead to a model where the NRMT1 homodimer normally functions alone as the primary N-terminal methyltransferase in cells, but can act synergistically with NRMT2 to increase N-terminal trimethylation levels at times of high need. This model implies that NRMT2 is not simply a functionally redundant homolog of NRMT1 but an important activator. To further confirm NRMT1 and NRMT2 are not functionally redundant, we wanted to test if NRMT2 expression could rescue NRMT1 knockout phenotypes. It has been shown that N-terminal methylation protects the N-terminus of cytochrome c 557 from digestion in Crithidia oncopelti. 31 We wanted to see if N-terminal mono-or trimethylation differentially affected this protection and affect the rate of decay, using a mammalian substrate with a known consensus sequence for both NRMT1 and NRMT2, the α isoform of SET (SETα). 15, 22 Human SETα was C-terminally tagged with Dendra2 photoswitchable protein and lentivirally expressed in HCT116 human colorectal carcinoma cells at an MOI of 1 [ Fig. 8(b) ]. Before excitation, Dendra2 fluoresces green, but when activated by UVviolet or blue light, fluoresces red [ Fig. 8(a) ]. 32 The red form is highly stable independently, but when fused to a protein of interest, its signal can be followed to determine the rate of decay of the protein. 32 We first measured the rate of decay of SETα-Dendra2 in control HCT116 cells [ Fig. 8(c) , blue]. We then showed the rate of decay of SETα-Dendra2 in HCT116 NRMT1 −/− cells was significantly quicker −/− cells was not able to rescue the SETα-Dendra2 rate of decay, and it remained significantly different from the HC116 control [ Fig. 8(c) , purple]. These data indicate N-terminal mono-and trimethylation are not functionally redundant and suggest that, unlike EZH1 and EZH2, NRMT1 and NRMT2 are not serving the same function through different mechanisms. Our data point to the stabilization of NRMT1 and an increase in substrate binding as important functions of NRMT2 but do not rule out other specific roles for N-terminal monomethylation that are distinct from those regulated by N-terminal trimethylation.
Discussion
Our work is the first to demonstrate a physical interaction between the N-terminal methyltransferase homologs, NRMT1 and NRMT2. Here we show that NRMT1 homodimers interact with NRMT2 monomers to form heterotrimers. Heterotrimer formation increases the stability of NRMT1 but has no significant effect on the stability of NRMT2. Though we have previously seen that co-expression with NRMT2 increases NRMT1 activity, 14 we now show that NRMT2 catalytic activity is not necessary for this increase in NRMT1 activity and propose that NRMT2 is not priming for NRMT1, but instead increasing its stability. We also show that N-terminal mono-and trimethylation are not functionally redundant, at least in regards to promoting protein stability, indicating that NRMT1 and NRMT2 are also not functionally redundant. The sole role of NRMT2 may be to stabilize and activate NRMT1, or it may have other distinct functions. In addition to stabilizing METTL3, METTL14 has been proposed to enhance interaction with RNA substrates. 8, 10 We have seen that NRMT1 has varying affinities for the different NRMT N-terminal consensus sequences, 15 and it may be that binding of NRMT2 to the NRMT1 homodimer, strengthens its affinity for certain less favored consensus sequences. Our in vitro methyltransferase data support this model, as NRMT2 binding had little effect on the K m of NRMT1 when methylating a Ser-Pro-Lys peptide, but significantly decreased the K m of NRMT1 when methylating the less preferred Ser-Ser-Lys peptide. We had originally proposed that NRMT2 was a primer for NRMT1 that was expressed at times of high substrate burden, 14 but it may be that NRMT2 Overexpressing NRMT2-FLAG in HCT116 NRMT1 −/− cells cannot rescue the decay (purple), which remains significantly faster than control. Curves were constructed by comparing loss of RFP signal over time as compared with time 0 and are the mean of three independent experiments AESEM. *, **, *** denotes P < 0.05, 0.01, and 0.001, respectively, as determined by 2-way ANOVA.
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is expressed at times when less preferred substrates require methylation. In this way, it is both providing stability to NRMT1 and altering its substrate preference. These data indicate that, while overall unique, the interaction between NRMT1 and NRMT2 has the most in common with the interactions of PRMT1/3 and METTL3/14. Like PRMT1/3 and METTL3/14, binding of the homologs increases the stability of the active enzyme. 4, 7, 9 Similar to METTL14, but unlike PRMT3, NRMT2 has weak catalytic activity in vitro. 4, 7, 9 However, SAM was visualized in the active site of the NRMT2 crystal, and we have seen that CRISPR-mediated knockout of NRMT1 results in a complete loss of N-terminal trimethylation, but N-terminal monomethylation remains the same [ Fig. 8(b) ]. 16 This indicates that, unlike METTL14, NRMT2 also has some activity in vivo. What the function of this in vivo N-terminal monomethylation is remains to be determined. If charge or bulk of the N-terminus is the main regulatory aspects of N-terminal PTMs, it seems intuitive that N-terminal monomethylation could not functionally replace trimethylation, as it is much smaller and does not produce a pH-independent positive charge. 33 However, similar to lysine monomethylation, N-terminal monomethylation could still have its own distinct function. RNA polymerase II (Pol II) pausing is regulated by the switch between monoand trimethylation of histone H4 lysine 20 (H4K20me1 and H4K20me3, respectively). 34 While H4K20me3 promotes pausing by inhibiting the recruitment of the male-specific lethal (MSL) complex, H4K20me1 recruits MSL and promotes the release of Pol II into elongation. 34 One way subtle changes in the degree of methylation can affect protein function so dramatically, is that each can be recognized by different methyl-reading chromodomains. H4K20me1 can efficiently recruit the MSL complex to chromatin due to the chromo-barrel domain of MSL3, 35, 36 whereas H4K20me3 is preferentially bound by the double tudor domain of the histone demethylase jumonji domain containing 2A (JMJD2A). 37 Therefore, it is possible that N-terminal mono-and trimethylation could similarly recruit distinct proteins with different binding domains, and in doing so, differentially affect many cellular processes. It will be interesting to determine if families of such N-terminal methylation "readers" exist. Though the interactions between NRMT1 and NRMT2 seem the most distinct from the interactions between EZH1 and EZH2, there are also some similarities. Most striking is the tissue distribution of the homologs. NRMT1, like EZH1, is ubiquitously expressed in most adult tissue types. 12, 14 While NRMT2 has very low basal expression in adult mice, we do see enrichment in both skeletal muscle and the liver. 14 EZH2 also has very low basal expression in adult tissue, with some enrichment in the spleen, but seems to be highly expressed in the proliferative tissue of the kidney during development. 12 It has been hypothesized that these disparate expression patterns represent an evolutionary sub-functionalization of the homologs. 12 EZH1 is the general methyltransferase directly involved in transcriptional repression, while EZH2 is dedicated to placing repressive marks during replication. 12 Though EZH1 and EZH2 are catalytically distinct, they are functionally redundant in regards to transcriptional repression, and their differential expression patterns could allow for a tighter regulation of this repression. 12 The function of PRC2 complexes expressing both EZH1 and EZH2 remains to be determined, 12, 13 but like PRMT1/3, METTL3/14, and NRMT1/2, co-expression might result in a more active complex, useful in times of high demand. Unlike EZH1/2, NRMT1 and NRMT2 do not seem to be functionally redundant. Their evolution may have led to neo-functionalization instead of subfunctionalization. 38 We propose a model where each has a distinct function, but at times when they are co-expressed, can form heterotrimers with increased N-terminal trimethylation activity. In this way, regulated NRMT2 expression would serve to promote its developmental or cell type-specific role and increase N-terminal methylation when needed. It will be interesting to see if NRMT2 expression is regulated during development or in proliferating tissues and continue to explore potential unique roles for Nterminal monomethylation. Also of note is the V224L NRMT2 mutation found in human breast cancer. 16 While NRMT1 has been shown to have cancer typespecific roles as a tumor suppressor or oncogene, 16, 39 there is as yet no data demonstrating NRMT2 misregulation in any cancer type. Therefore, extensive characterization of this mutation has not occurred. However, these data demonstrating it not only abolishes NRMT2 activity but also promotes NRMT1 activity make it an interesting candidate for a driver mutation in cancers that overexpress NRMT1 or a protective mutation in cancers that downregulate NRMT1. Future studies will determine how expression of this mutant affects oncogenic phenotypes in such cancer cell lines.
Materials and Methods
Constructs and antibodies
For recombinant protein production, full-length human NRMT1, NRMT2, and NRMT2 V224L were cloned into pet15b (Merck Millipore, Burlington, MA) and purified as described previously. 14, 16, 40 The fulllength human NRMT1-FLAG, NRMT1-GFP, NRMT2-FLAG, and NRMT2-GFP used in the co-IPs were cloned as previously described.
14 All truncated constructs were sub-cloned from these full-length ORFs using primer sets that combined the primers used for full-length cloning and the following unique primers: NRMT1 1- with PBS + 0.1% NP-40. The immunoprecipitated proteins were eluted from the beads in 5× Laemmli buffer and boiled for 5 min at 95 C. The bead-free supernatant from IP and input samples were run on 12% SDS-PAGE gels. Western blotting was performed using the above antibodies.
Analytical ultracentrifugation
Sedimentation velocity experiments were carried out in a Beckman Coulter ProteomeLab XL-A analytical ultracentrifuge (Beckman Coulter Inc., Brea, CA) at 20 C and 40,000 rpm in standard 2 sector cells.
Buffer density and viscosity (50 mM Tris, 50 mM KCl at pH 8.0) were calculated using Sednterp (free software: Biomolecular Interaction Technologies Center at the University of New Hampshire, http://jphilo. com/sdtr0601.exe). Data were analyzed with the program Ultrascan 3.0 (free software: www.ultrascan. uthscsa.edu/) using the "combine pseudo-3D distributions" operation. The partial specific volumes of NRMT1 and NRMT2 were calculated from the amino acid compositions (0.734 mL/g for NRMT1 and 0.737 mL/g for NRMT2) using the Protparam tool in ExPASy (free software: web.expasy.org).
Cycloheximide experiments 1 × 10 6 HCT116 cells, HCT116 cells transduced with lentivirus expressing NRMT2-GFP, HCT116 cells with CRISPR/Cas9-mediated knockout of NRMT1 (HCT116 NRMT1 −/− ), 16 or HCT116 NRMT1 −/− cells transduced with lentivirus expressing NRMT2-GFP were plated 24 h prior to the start of the cycloheximide chase experiment. At the start of each time point, the McCoy's 5a Modified Medium was replaced with fresh media containing 100 μg/mL cycloheximide (Sigma-Aldrich). Cells were harvested in 100 μL cell lysis buffer (see above) and protein was quantified using the Pierce 660 nM Protein Assay (ThermoFisher Scientific, Waltham, MA). 20 μg total protein per time point was separated on 12% SDS-PAGE gels and subjected to Western blotting using antibodies against NRMT1, GFP, and GAPDH as a loading control. Pixel density and normalization for each band was quantified using Image Lab software (Bio-Rad, Hercules, CA).
Dendra2 experiments
As described above, HCT116 or HCT116 NRMT1
−/− cells were transduced with control (empty pCDH vector), NRMT1-FLAG, or NRMT2-FLAG expressing lentivirus at an MOI of 1. Three days posttransduction cells were selected with puromycin treatment. Three days post-puromycin treatment, cells were retransduced with lentivirus expressing SETα-Dendra2 at an MOI of 1. 72 h post-transduction, 2000 cells per well of each experimental condition were plated at an N = 6 on a 96-well plate and allowed to adhere and grow for 48-72 h. Kinetic fluorescent analysis using the Cytation5 Imaging System (BioTek, Winooski, VT) was started by taking preconversion images in the GFP and RFP channel for each well. Each well was then exposed to the DAPI channel (UV) at maximum intensity for 16 seconds for photoconversion of the Dendra2. Post-conversion RFP kinetic imaging was performed once per hour for 24 h, with cells maintained at 5% CO 2 and 37 C. Imaging settings remained constant throughout. The raw fluorescence value of the RFP channel for each well was then normalized to the 0-h time point and fluorescent decay between cell types was measured.
In vitro methylation assays
Methyltransferase assays were conducted using the MTase-Glo Methyltransferase Assay (Promega, Madison, WI) and following the given protocol. Briefly, all assays used 0.4 μM recombinant enzyme, 20 μM Sadenosyl methionine (SAM), and varied concentrations of SPK-RCC1 (SPKRIAKRRSPPADA) or SSK-MYL9 (SSKRAKAKTTKKRPK) peptides as substrate. Substrates were serially diluted in a 96-well plate and reactions were started with the addition of the appropriate recombinant enzyme. All reactions were carried out at room temperature and stopped after 20 min with the addition of 0.5% trifluoroacetic acid. The MTase-Glo detection reagents were then added and luminescence was quantified using the Cytation5 Imaging System (BioTek).
Protein modeling and statistical analysis
Molecular modeling and the associated images were produced using the PyMOL Molecular Graphics System, Version 2.0.6 (Schrödinger, LLC). PDB accession numbers are 2EX4 (NRMT1) and 5UBB (NRMT2).
Modeling was performed by molecular alignment of monomeric species of NRMT2 (5UBB) and dimeric NRMT1 (2EX4). Each species was rotated to minimal root-mean-square deviation (RMSD) scores using a method adapted from Coutsias et al. 42 and potential interacting residues were measured using the "measurement wizard," natively incorporated into the PyMOL user interface. All measured residues of interaction had a distance >4 Å, satisfying the maximum Van der Waals radius between atoms involved. All statistical analyses were performed using GraphPad Prism Software for Mac Version 7.0d (La Jolla, California). The specific statistical test is noted in the respective figure captions and results are presented as mean AE standard error, n = 3 unless specifically stated.
